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ABSTRACT
The role of thermal conductivity in the performance of thermoelectric (TE) devices as compared to other material 
properties such as Seebeck coefficient and the electrical conductivity will be discussed. A TE energy conversion 
system that includes thermal contacts for the hot side and the cold side with finite heat transfer performances is 
considered. Some of the trends in electronics cooling applications have been described. In this article, the effect 
of material properties as a function of energy current flow direction will be focused.
TEs have an advantage as solid-state heat energy conversion devices especially for applications with spatial 
constraints. A commonly accepted application is the Peltier cooling of high power or high heat flux electronic 
devices such as laser diodes (>1 W/mm2). These applications lead to a limited heat transfer performance in both 
hot and cold contacts. Based on a generic one-dimensional model for TE systems, thermal conductivity appeared 
to be the most important property to be improved to get better energy conversion performance among three TE 
properties including Seebeck coefficient and electrical conductivity.
For TE cooling, thermal conductivity of the TE material is the most cost sensitive in terms of mass use of the material, 
for minimizing the power consumption to pump the heat from the target device at the constrained temperature. 
Typically in electronics, the device temperature is constrained, such as 65oC–85oC. Hence the maximum cooling 
to reach minimum target temperature is not always required. Achieving this target temperature with minimum 
electrical power input for a given power dissipation from the target device is required. The difference in impact 
between thermal conductivity and the other material properties is on the thermal resistance of the TE element 
similarly to the energy harvesting system case. By changing any properties, a coefficient-of-performance (COP) of 
cooling yields the same as ZT remains the same.
This article will summarize the role of thermal conductivity as the thermal resistance match with finite external 
contacts in the TE microcooler, while relating the effects of the thermal conductivity, Seebeck coefficient, and 
electrical conductivity to the finite thermal resistance of the TE microcooler.
Keywords: thermoelectric, microcooler, interface, contact, coefficient of performance, cost, figure-of-merit (ZT), 
optimization.
1. INTRODUCTION
Thermal management is a key issue in electronic 
circuit design. The miniaturization of integrated 
circuit (IC) chips increases the complexity of thermal 
management. One of the most common cooling 
methods is Peltier cooling with thermoelectric (TE) 
materials. TE cooling is widely used for cooling in 
temperature sensitive applications, e.g. laser diodes 
(Zhang, Anderson, & Lau, 2003). The TE microcooler 
provides a simple structure design and precise 
temperature control for the electronic IC. Despite 
the advantages, the TE microcooler is known to 
be a low efficiency cooling method. Earlier studies 
(Koh, Yazawa, & Shakouri, 2013, 2014; Lee, Kim, & 
Kim, 2010) show the optimization of the coefficient-
of-performance (COP) and the heat flux of the TE 
microcooler, by varying the material properties, 
module thickness, and drive current. However, the 
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impact of the finite interface resistances of the TE 
microcooler is not well understood. An analytical 
electro-thermal model based on the energy balance 
at the nodes along the heat flow to study the effects 
of the interface resistances of the TE microcooler 
is developed. To be consistent, a similar analytical 
formulation is employed as presented in the earlier 




d, thickness of thin film/superlattice cooler, m
F, fill factor
h, heat transfer coefficient, W/m2K
I, current, A
Q, heat flow, W





b, thermal conductivity, W/mK
h, efficiency, %
s, electrical conductivity, 1/Ωm
y, thermal resistance, K/W
Subscripts




m, microchannel side of silicon substrate
2. MODEL
The effects of the interface resistances for both the hot-
side and cold-side of the TE element with various target 
cooling temperature, Th and various material properties for 
the TE element has been presented. A set of temperature 
boundary conditions have been applied to the model, with 
IC temperature, Ts = 100
oC and the heat sink temperature, 
Tm = 74
oC. Because the TE model operates at ambient 
temperature, Ta = 27
oC, the material properties used in 
the model analysis are assumed to be consistent with the 
room temperature values. The size of the TE microcooler 
in the analytical model is 500 × 500 µm.
Figure 1 shows that thermal circuit built for the TE 
microcooler. The following set of equations can be 
formed based on the energy balance at the temperature 
nodes Ts, Th, Tc, and Tm. Peltier cooling and Joule 
heating are acting on the nodes, Th and Tc. The 
equations contain the thermal conductance, K, and the 
electrical resistance, R, of the leg. The external thermal 
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Equations (2) and (5) show the cooling heat flux, Qh, 
extracted from the IC chip into the TE module and 
the waste energy, Qc, pumped into the heat sink, 
respectively. The thermal contacts play an important 
role in Qh and Qc. Equation (6) can be formed by 
comparing Equations (3) and (4).
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Figure 1. Thermal network of the one-dimensional electro-thermal 
model for a thermoelectric (TE) microcooler.
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Substitute Equation (2) into Equation (3) and solve 



















By substituting Equations (5a) and (5b) into Equations 
(7) and (8), the general formula for the optimum drive 





































































































The drive current, I, obtained in the equation is the 
minimum drive current to match the temperature 
boundaries applied in the mathematical analysis. 
Mathematica has been used to solve the third-order 
equations to obtain the drive current from the above 
condition.
Subsequently, the drive current, I, obtained from 
Equaton (9) can be used in Equation (10) to calculate 
the required power for the device.
 P = I 2R (10)
The required power of the device is essential for 
determining the COP of the superlatices cooler (SLC). 















3. RESULTS AND DISCUSSIONS
The contact resistance is one of the most important 
parameters affecting the performance of the hot 
spot microcooler. However, the effects of the contact 
resistances to the TE microcooler performances are 
not well understood. A relative ratio between heat sink 
resistances (yc) to the hot-side resistances (yh) in this 
project is defined. Figure 2 shows the relationship of the 
COP and module thickness of the TE models with various 
yc/yh ratios. Because the same yc/yh value might consist 
of different values for yc and yh, the analytical results 
of the model with same yc/yh ratio but different values 
for yc and yh are shown in Figure 2. The results show 
the maximum achievable COP of the TE microcooler is 
similar with same yc/yh value, although the yc and yh of 
the microcooler might be different. Optimum thickness 
to achieve maximum COP is shifted to a smaller value if 
yh is smaller, e.g., optimum thickness for yc/yh=1 with yh 
= 9 K/W is ~1.5 µm, whereas the optimum thickness of 
the microcooler for yh = 18 K/W is ~2.5 µm. Furthermore, 
Figure 2 shows that the maximum achievable COP for 
the lower yc/yh value is higher compared to the TE 
microcooler with a higher yc/yh value. Unless specifically 
mentioned in the figures, all the analyzed models below 
are for ZT = 1, with the thermal conductivity, b = 1.5 W/
mK, electrical conductivity, s  = 6.3 × 104 1/Ωm, and the 
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Figure 2. Coefficient-of-performance (COP) versus module 
thickness of the thermoelectric (TE) microcooler with different 
combinations of yc/yh values.
Figure 3 shows a comparison between models with 





Module Thickness, d (m)
Figure 3. Coefficient-of-performance (COP) versus module 
thickness of the thermoelectric (TE) microcooler with total fixed 
contact resistances but different combinations of yc/yh values.
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of the contact resistances. The ratio of the contact 
resistances, yc/yh, is the decisive parameter for the 
COP of the TE microcooler. The lower the resistances 
ratio, yc/yh, the higher the performances of the TE 
microcooler (COP).
As mentioned earlier, TE microcooler is known to 
be a precise temperature cooling method for laser 
diode cooling applications. However, these cooling 
applications often require a lower target cooling 
temperature compare to other IC chips. In earlier 
studies (Lee, Yoon, & Kim, 2001), researchers 
found that lower cooling heat flux, Qh, is required 
to achieve the low Th. Yet, the analytical results in 
Figure 4 shows that the key parameter to achieve 
low target temperature, Th, is not, in fact, because 
of the cooling heat flux, Qh, as shown in the earlier 
studies. The key factor for a low hot side temperature, 
Th, is controlling the ratio of yc/yh. A relatively good 
heat sink must be designed to achieve the low hot 
side temperature, Th. Figure 4 also shows that a low 
yc/yh ratio will improve microcooler performance. 
For example, if the target hot-side temperature, 
Th = 85
oC, the COP of the model can be more than 
doubled (from 6.3 to 13.9) if yc is decreased to 1/10 
compared to yh at 10 µm.
Figure 4. Coefficient-of-performance (COP) versus module 
thickness of the thermoelectric (TE) microcooler with different yc/yh 
values and a hot-side target temperature, Th.
To analyze the impact of a single material property to 
the TE microcooler performance, the models with a 
fixed ZT value with different combinations of material 
properties are examined (Koh et al., 2013, 2014) For 
example, to find the impact of increasing ZT from 1 
to 2, we can decrease b to half, increase s to double, 
or increase the Seebeck coefficient to sqrt. 2 times 
compared to the ZT = 1 model. Figure 5 shows the 
current density versus module thickness of the TE 
microcooler with yc/yh = 0.1 and yc/yh = 1. The effects 
of the single material property, thermal conductivity, 
and electrical conductivity, and Seebeck coefficient 
are also shown in Figure 5. For yc/yh = 1, the current 
density dropped with the improvement of the ZT value 
for changes in any of the TE properties. For the 
yc/yh = 0.1 models, the current density for the Seebeck 
coefficient and electrical conductivity improvement 
models had a similar behavior to the yc/yh = 1 models; 
the current density dropped with an increase in the ZT 
value. However, if the thermal conductivity is reduced 
in the yc/yh = 0.1 TE microcooler, the current density 
became larger compared to the reference model with 
ZT = 1.
Figure 5. Current density versus module thickness of the 
thermoelectric (TE) microcooler with different yc/yh = 0.1 and 
yc/yh = 1.
Figure 6 shows the electrical power consumed by the 
TE microcoolers with yc/yh = 0.1 and yc/yh = 1 with 
variations of a single material property. Although the 
current densities between the electrical conductivity 
and Seebeck coefficient improvement models are 
different, the electrical power consumptions for 
these models are similar. The effects of the single 
material property to the electrical power of the TE 
microcoolers show different trends for yc/yh = 0.1 
and yc/yh = 1. For the yc/yh = 1 models, the electrical 
power of the all thermal conductivity dependent, 
electrical conductivity dependent, and Seebeck 
coefficient dependent models decrease with an 
increase of the ZT value. For example, the electrical 
power consumed by the ZT = 1 model is 0.27 W, ZT = 
2 with b dependent consumed 0.23 W and ZT = 3 with 
b dependent consumed 0.22 W for a 10-µm module 
thickness. On the other side, electrical conductivity 
and Seebeck coefficient dependent models for both 
yc/yh = 0.1 and yc/yh = 1 have the same electrical 
power consumption trend similar to the b-dependent 
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models for yc/yh = 1. The electrical power for the 
S dependent and s dependent also decrease with an 
increase in the ZT values. However, the b-dependent 
models for yc/yh = 0.1 show a dissimilar trend. The 
electrical power consumption increases with an 
increase in the ZT value.
The effects of the single material properties to the COP 
have been divided into two figures. Figure 7(a) shows 
the COP versus module thickness for the Seebeck 
coefficient and electrical conductivity dependent 
models, whereas Figure 7(b) shows the effects of the 
thermal conductivity reductions to the COP of the TE 
models. Figure 7(a) shows that COP of the Seebeck 
coefficient and electrical conductivity dependent 
models with yc/yh = 0.1 and yc/yh = 1. Both of the 
yc/yh = 0.1 and yc/yh = 1 show that COP will increase 
with the improvement of the Seebeck coefficient and 
electrical conductivity of the models. For example, COP 
of the S- and s-dependent model increase from 19.5 to 
43.8 to 68.1 for ZT = 1 to ZT = 2 to ZT = 3, respectively, 
for yc/yh = 1 at 1 µm TE thickness, whereas COP of the 
ZT = 1, 2, and 3 are 13.9, 29.4, and 44.8, respectively, 
at the 10-µm TE thickness for the yc/yh = 0.1.
Figure 7(b) shows the COP versus TE module 
thickness with increment of the thermal conductivity 
with yc/yh = 0.1 and yc/yh = 1. Increment of the 
thermal conductivity shows exactly opposite effects for 
yc/yh = 0.1 and yc/yh=1. The COP increases from 6.3 
to 7.3 to 7.7 at 10 µm TE thickness with decreasing 
thermal conductivity from 1.5 to 0.75 to 0.5 W/mK, 
respectively, with yc/yh = 1. The trend for the yc/yh = 0.1 
model is completely reversed. The COP decrease from 
13.9 to 10.7 to 9.9 with the β-dependent models with 
ZT = 1, 2, and 3. The results show that, for the design 
with an extremely low heat sink thermal resistance, 
the TE microcooler is not required.
4. CONCLUSION
An analytical model to examine the effects of 
the contact resistance on the performance of 
the TE microcooler on a hotspot by using a new 
defined contact resistance, yc/yh relation has been 
developed. The contact resistance ratio, yc/yh, must 
be carefully considered in the low target temperature, 
Th, application. The design of the contact resistance 
ratio, yc/yh, is also essential to the material properties 
selection for the TE microcooler. Higher ZT models 
might cause lower COP if the yc/yh has not been 
carefully considered. The purpose of this article is 
to understand the effects of the materials properties 
and interface contact to the performance of the TE 
microcooler. However, it is hard to just vary one 
property (especially 2–3 times) and keep other 
transport properties unchanged in practical.
Figure 6. Electrical power versus module thickness of the 
thermoelectric (TE) microcooler with yc/yh = 0.1 and yc/yh = 1.
Figure 7. Coefficient-of-performance (COP) versus module 
thickness of the thermoelectric (TE) microcooler with yc/yh = 0.1 and 
yc/yh = 1 for the (a) electrical conductivity and Seebeck coefficient 
improvement and (b) thermal conductivity decrement.
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